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The uncleaved, pro-form of nerve growth factor (proNGF) 
functions as a pro-apoptotic ligand for the p75 neurotrophin 
receptor (p75NTR). However, some reports have indicated 
that proneurotrophins bind and activate Trie receptors. In 
this study, we have examined proneurotrophin receptor 
binding and activation properties in an attempt to reconcile 
these findings. We show that proNGF readily binds p75NTR 
expressed in HEK293T cells but does not interact with TrkA 
expressed under similar circumstances. Importantly, proNGF 
activates TrkA tyrosine phosphorylation, induces Erie and Akt 
activation, and causes PCI 2 cell differentiation. We show that 
inhibiting endocytosis or furin activity reduced TrkA activation 
induced by proNGF but not that induced by mature NGF and 
that proNGF123, a mutant form of NGF lacking dibasic cleavage 
sites in the prodomain, does not induce TrkA phosphorylation 
in PC12 cells. Therefore, endocytosis and cleavage appear to 
be prerequisites for proNGF-induced TrkA activity. We also 
found that proBDNF induces activation of TrkB in cerebellar 
granule neurons and that proBDNF cleavage by furin and 
metalloproteases facilitates this effect. Taken together, these 
data indicate that under physiological conditions, proneuro- 
trophins do not directly bind or activate Trie receptors. How- 
ever, endocytosis and cleavage of proneurotrophins produce 
processed forms of neurotrophins that are capable of induc- 
ing Trie activation. 



The four mammalian neurotrophins comprise a family of 
related secreted factors required for differentiation, survival, 
development, and death of specific populations of neurons and 
non-neuronal cells. The effects of the neurotrophins are medi- 
ated by binding to TrkA, TrkB and TrkC receptor tyrosine 
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kinases and to the p75 neurotrophin receptor (p75NTR) 4 . The 
Trie receptors play critical roles in mediating neuronal survival 
and growth and are important modulators of synaptic function 
(1). p75NTR is a component of distinct cell surface signaling 
platforms that function to induce apoptosis and mediate neu- 
ronal growth inhibition. However, p75NTR also acts as a Trie 
co-receptor that increases the binding specificity and affinity of 
Trie receptors for neurotrophins (2, 3). 

Neurotrophins are produced as proforms of ~240 amino acids 
that are cleaved by furins and proconvertases to yield mature neu- 
rotrophins of about 120 amino acids (4). The main functions 
ascribed to the neurotrophin prodomain include facilitating neu- 
rotrophin folding and directing neurotrophins to the regulated 
secretory pathway (5-7). Several recent studies have indicated that 
nerve growth factor (NGF) and brain-derived neurotrophic factor 
(BDNF) are secreted from cells as prodomain-containing forms 
(proNGF and proBDNF, respectively) (8-10). In some types of 
primary neurons and in endothelial cells, proneurotrophin bind- 
ing to the p75NTR-sortilin receptor complex is a potent apoptotic 
stimulus (8, 9, 11). Additional work demonstrating the predomi- 
nance of proNGF and proBDNF in vivo (12-14) and its up-regu- 
lation following injury (8, 11) adds weight to the hypothesis that 
proNGF is a potent pro-apoptotic factor mediating p75NTR-de- 
pendent apoptosis in vivo. 

Nylejaer etal. (15) showed that proNGF has lower affinity than 
NGF for both p75NTR and TrkA, with K d shifts from about 1-2 
nM to 15-20 nM for each receptor. Sortilin, a member of the VPS10 
family, has emerged as a co-receptor that functions in concert with 
p75NTR to induce apoptosis. Unlike p75NTR and TrkA, sortilin 
shows considerably higher affinity for proNGF than for NGF (5 nM 
versus 90 nM, respectively), and proNGF promotes formation of 
heterotrimeric complexes containing sortilin and p75NTR (15). 
However, some studies have indicated that proneurotrophins are 
not selective p75NTR ligands and that they are capable of binding 
and activating Trie receptors to exert a neurotrophic, rather than a 
pro-apoptotic effect (16, 17). 

In this study, we have compared proneurotrophin binding to 
p75NTR and TrkA and determined the signaling events acti- 



1 The abbreviations used are: p75NTR, p75 neurotrophin receptor; NGF, nerve 
growth factor; proNGF, pro-form of nerve growth factor; AP-proNGF, alka- 
line phosphatase-tagged pro-nerve growth factor; MMP, matrix metalio- 
protease; TGN, trans-golgi network; DMEB, Dulbecco's modified eagle 
media supplemented with 0.1% bovine serum albumin; extracellular sig- 
nal-regulated kinase; Erk, extracellular signal-regulated kinase; BDNF, 
brain-derived neurotrophic factor; BAP, biotin acceptor peptide; wt, wild- 
type; B-proNGF, biotinyated form of proNGF; CGN, cerebellar granule 
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vated by these ligands. We report that proNGF readily binds to 
p75NTR expressed in transfected cells but, under identical con- 
ditions, does not bind TrkA. Despite this, exposure to proNGF 
results in robust TrkA phosphorylation and activation of Akt 
and Erk signaling cascades in PC12 cells, which express both 
p75NTR and TrkA. We show that activation of TrkA by 
proNGF occurs only after proNGF endocytosis and cleavage by 
furin-like enzymes. We also examined the effect of proBDNF 
on cerebellar granule neurons, which express p75NTR and 
TrkB, and show that this ligand activates TrkB and that ligand 
cleavage by cerebellar granule neuron proteases is a prerequi- 
site for this effect. Therefore, we conclude that proneurotro- 
phins are specific ligands for p75NTR that, once bound and 
endocytosed, are rapidly converted to mature neurotrophins 
that activate Trk receptors. 

EXPERIMENTAL PROCEDURES 

Cell Culture— HEK293T cells were maintained in Dulbecco's 
modified Eagle's (DME) medium containing 10% bovine calf 
serum, 2 mM L-glutamine, and 100 /xg/ml penicillin and 100 
/Ag/ml streptomycin in a humidified 37 °C incubator with 5% 
CO,. PC12 and PC12nnr5 cells were maintained in DME con- 
taining 6% bovine calf serum, 6% deactivated horse serum, 2 
mM L-glutamine, and 100 /Ag/ml penicillin and streptomycin in 
a humidified 37 °C incubator with 10% C0 2 . Cerebellar neu- 
rons were prepared from post-natal day 8-10 rat brain, disso- 
ciated with trypsin and mechanical trituration, and cultured on 
poly-L-lysine-coated substrates for 24 h in Sato medium (Dul- 
becco's modified Eagle's medium with 10% fetal bovine serum, 
1% penicillin/streptomycin, 1% N2 supplement, 100 ng/ml 
L-thyroxine and 80 ng/ml tri-iodothyronine) prior to treatment 
with BDNF or proBDNF. All cell culture reagents were 
obtained from Hyclone (Logan, UT). 

Generation of Recombinant ProNGF— PCR-based site 
directed mutagenesis was used to mutate the furin cleavage site 
of proNGF from KR to AA (bp 651- 657) and add a Myc epitope 
to the proNGF carboxyl terminus. The PCR product was 
sequenced to confirm fidelity and then subcloned into 
pc3.1AP6.str to produce the AP-proNGF fusion construct. An 
improved Kozak signal and IgK signal sequence were subse- 
quently added to improve translation initiation and secretion. 
Secreted AP and AP-proNGF were produced in HEK293T cells 
and normalized for molar concentrations, as described in 
Flanagan and Cheng (18). ProNGF123 was prepared and puri- 
fied as described (19). To produce biotinylated proNGF, cDNA 
encoding proNGF with the mutated furin cleavage site was sub- 
cloned into pEGFPNl-secVSVg-Bgl-BAP, a plasmid encoding 
a biotin acceptor peptide (BAP) at the amino terminus. BAP- 
ProNGF was co-transfected with a secreted form of the biotin 
ligase, BirA, to produce soluble biotinylated ProNGF in 
HEK293T cells. 

Treatments and Reagents — Cells were incubated in serum- 
free DME supplemented with 0.1% bovine serum albumin 
(BSA) (DMEB) and 2 mM L-glutamine for 1 h prior to treatment 
with 25 ng/ml NGF (Cedarlane Laboratories Ltd., Burlington, 
ON), 50 ng/ml WT-proNGF (Scil Proteins, Saale, Germany), or 
proNGF123 (19). Final concentrations of inhibitor treatments 
were 200 nM for K252A, 1 /am for epoxomycin (Calbiochem; 10 
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/am for BB94 (British Biotech, Oxford, UK), 10 /u,M for GM6001, 
50 /am for decanoyl-RV-KR-chloromethyl ketone (decCMK) 
(Biomol), and 5 /Ag/ml brefeldin A (Sigma). In each case, inhib- 
itors were added 1 h prior to ligand or Phorbol 12-myristate 
13-acetate (PMA) exposure (Calbiochem). 

Immunoprecipitation and Immunoblotting— Samples were 
lysed in Nonidet P-40 buffer (10 mM Tris, pH 8.0, 150 mM NaCl, 
1% Nonidet P-40, 10% glycerol) supplemented with a protease 
inhibitor mixture (Roche, Hertfordshire, UK) and 10 /am 
sodium orthovanadate. Lysates were immunoprecipitated with 
anti-TrlcA antibody for 2 h at 4 °C. The precipitated proteins 
were then purified with protein A-agarose for 1 h at 4°C. 
Immunocomplexes were then washed with lysis buffer and 
eluted with sample buffer and analyzed by SDS-PAGE. For 
immunoblotting, samples were separated by SDS-PAGE, trans- 
ferred onto nitrocellulose membrane, which were then blocked 
in Tris-buffered saline/Tween (10 mmol/liter Tris (pH 8.0), 150 
mmol/liter NaCl, 0.2% Tween 20) containing 5% (w/v) dried 
skim milk powder or 5% bovine serum albumin for phospho- 
specific antibodies. Membranes were then immunoblotted in 
blocking solution using anti-NGF (gift from Richard Murphy 
(Salk Institute, La Jolla, CA)); TrkA203 (gift from David Kaplan 
(University of Toronto, Ontario, Canada)); RTB, directed 
against the TrkB extracellular domains (a gift from Louis 
Reichardt (University of California, San Francisco (UCSF)); 
anti-p75NTR (20); anti-Myc 9E10 and anti-phospho-tyrosine 
4G10 antibodies (Millipore Inc. Lake Placid, NY)); anti-phos- 
pho-Erk (Thr-202/Tyr-204), anti-Erk (3A7), anti-phospho-Akt 
(Ser-473), and anti-Akt from Cell Signaling Technologies 
(Cambridge, MA). Secondary antibodies were obtained from 
Jackson Laboratories (West Grove, PA), and incubations with 
them were performed in blocking solution. Immunoreactive 
bands were detected using the enhanced chemiluminescence 
solution kit (Perkin-Elmer Life Sciences, Norwalk, CT). 

Alkaline Phosphatase Assays— -PC12 cells on 24-well plates 
were washed twice in Hanks' balanced salt solution (Invitrogen) 
and then exposed to AP- or APproNGF-conditioned medium 
for 1 h at either 4 °C or room temperature. Cells were then 
washed three times with ice-cold HBAH buffer (20 mM Hepes, 
pH 7.4, 0.5 mg/ml bovine serum albumin, 0.1% sodium azide, 
Hanks Balanced salt solution ) and lysed in 0.1% Triton X-100 in 
20 mM Tris, pH 8.0. Lysates were incubated at 65 °C for 30 min 
to eliminate endogenous AP activity and then centrifuged at 
9000 rpm for 5 min to remove insoluble material. AP activity 
was assayed at room temperature in pNPP reaction buffer (2 M 
diethanolamine, pH 9.8, 0.5 mM MgCl 2 , /7-nitrophenyl phos- 
phate disodium salt hexahydrate) (Sigma) at room tempera- 
ture. Data points represent four wells assayed in quadruplicate. 
Activity was normalized to total protein, assayed using bicin- 
choninic acid protein Assay (Pierce). Statistical differences 
were assessed using a one-way analysis of variance (ANOVA) 
with a Student-Newman-Keuls post-test. 

Neurite Outgrowth Assay— PC12 cells were plated in poly-L- 
lysine-coated 6-well plates at a density of 1.6 X 10 4 cells/ml in 
serum-containing medium. After 24 h, cells were switched to 
DMEB alone or DMEB containing 10 ng/ml NGF, or 50 ng/ml 
Scil proNGF, and maintained in this media for 3 days. Cells 
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FIGURE 1 . Recombinant proNGF is expressed and secreted in intact form. 

A, schematic representation of recombinant proNGF proteins used in this 
study. Position-1 refers to the cleavage site that generates fully processed 
NGF. AP-proNGF contains an amino-terminal AP cassette, followed by 
proNGF with a KR to AA mutation at the central dibasic cleavage site followed 
by a carboxyl-terminal Myc epitope tag. The WT-proNGF is untagged and 
contains the normal dibasic cleavage site at position-1. In proNGF123, the 
two amino acids that compose the dibasic cleavage sites at -72, -42, and - 1 
were mutated to alanine. B, recombinant AP-proNGF produced as described 
under "Experimental Procedures" was immunoprecipitated using an anti- 
body directed against the Myc epitope tag. The immunoprecipitate was ana- 
lyzed by immunoblot, together with samples of mature NGF (15 ng), WT- 
proNGF (25 ng), or proNGF123 (25 ng), using an antibody directed against 
mature NGF. 



were digitally photographed under phase contrast conditions 
using an Axiovert 100 microscope. 

RESULTS 

Expression and Secretion of proNGF Fusion Proteins— -For 
our initial studies on proNGF receptor binding and activation, 
we produced an alkaline phosphatase-proNGF fusion protein 
(AP-proNGF) in which the main furin cleavage site residues 
(KR) were mutated to alanine (shown schematically in Fig. L4). 
We also used a wild-type untagged form of proNGF (termed 
WT-proNGF) as well as proNGF123, a cleavage-resistant form 
of proNGF in which three dibasic cleavage sites within the 
prodomain were mutated to alanine (19). To confirm that these 
distinct proNGF proteins were intact and to confirm relative 
concentrations of these proteins, they were evaluated by immu- 
noblotting using an antibody directed against mature NGF. Fig. 
IB shows that recombinant AP-proNGF, WT-proNGF, and 
proNGF123 are intact and therefore appropriate for use in cell- 
based assays. 

Recombinant proNGF Binds to the Surface of 293T Cells 
Overexpressing p7SNTR— Different lines of evidence have 
shown that proNGF is a selective ligand for p75NTR in vivo, yet 
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FIGURE 2. AP-proNGF binds cell surface p75NTR but not TrkA. 

A, AP-proNGF binding assays were performed on HEK293T cells transfected 
with nothing {Mock), with p75NTR, or with TrkA. Values represent four wells 
assayed in quadruplicate. *, differences between p75NTR and mock transfec- 
tion with p < 0.001 . Error bars represent standard deviation, fl, HEK293T cells 
were transfected with plasmids encoding p75NTR or TrkA, and 24 h later, cells 
were treated with sulfo-NHS-LC-biotin (0.5 mg/ml) for 30 min. Lysates were 
immunoprecipitated with streptavidin-conjugated beads and subsequently 
immunoblotted with p75NTR or TrkA antibodies. SA-PD, streptavidin bead 
pulldown. Experiments were repeated three times with identical results. 

some studies have suggested that proNGF can also bind TrkA 
both in vitro and in vivo. To address this, we examined the 
binding of AP-proNGF to HEK293T cells that overexpressed 
either p75NTR or TrkA. These studies revealed that 
AP-proNGF readily bound to cells that expressed p75NTR, 
with half-maximal binding observed at ~5 nM. In contrast, AP- 
proNGF showed no specific binding to HEK293T cells trans- 
fected with a TrkA expression plasmid. (Fig. 2A). To rule out 
the possibility that TrkA is not expressed or not transported to 
the cell surface, we assessed the cell surface expression of 
p75NTR and TrkA by performing a biotinylation assay on 
transfected HEK293T cells overexpressing these receptors. Fig. 
2B shows that both receptors are highly expressed at the cell 
surface. We therefore conclude that proNGF shows preferen- 
tial binding to p75NTR and has low affinity for cell surface 
TrkA expressed at the surface in HEK293T cells. 

ProNGF Activates TrkA Signaling— Earlier studies have 
shown that proNGF can activate TrkA phosphorylation but our 
binding studies indicated that AP-proNGF selectively binds to 
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FIGURE 3. WT-ProNGF induces TrkA-dependent signaling cascades. PC12 
cells {panels A and B) or PC12nnr5 cells (panels C and D) were incubated in 
DMEB for 1 h and then treated with 25 ng/ml NGF or 50 ng/ml WT-proNGF for 
the time points indicated. Cells were lysed in sample buffer, and phosphoryl- 
ation of ERK {A and Q and AKT (8 and D) were examined by immunoblot. E, 
PCI 2 cells were exposed to K252A (200 rwi) for 1 h prior to addition of NGF (25 
ng/ml) or WT-proNGF (50 ng/ml). Experiments were repeated three times, 
with identical results. 



p75NTR. To address this discrepancy, we compared NGF and 
proNGF for their ability to induce activation of Erk and Akt. As 
expected, NGF induced rapid Erk and Akt phosphorylation that 
was sustained for 60 min. Surprisingly, WT-proNGF also 
induced robust phosphorylation of Erk and Akt, albeit with 
slower kinetics than NGF (Fig. 3, A and B). To address whether 
phosphorylation of ERK and AKT induced by WT-proNGF 
required TrkA activity, we assessed whether WT-proNGF 
induced phosphorylation of Erk and Akt in PC12nnr5 cells, 
which do not express TrkA or in PC12 cells pretreated with the 
Trk inhibitor, K252A. Fig. 3, C and D shows that WT-proNGF 
had no effect on Erk and Akt phosphorylation in PC12nnr5 cells 
or K252A-pretreated cells (Fig. 3£), indicating that TrkA acti- 
vation is required for the phosphorylation of Akt and Erk 
induced by WT-proNGF. 

We next asked whether TrkA was phosphorylated in cells 
treated with proNGF. PC12 cells were treated with either NGF 
or WT-proNGF for 15, 30, or 60 min and then TrkA phospho- 
rylation was assessed by immunoprecipitation and immuno- 
blot. NGF causes robust phosphorylation of TrkA that has 
peaked by 15 min of exposure. TrkA phosphorylation is also 
induced by WT-proNGF but with this ligand, the time course of 
TrkA activation lags behind that induced by NGF, with the peak 
observed only 30 min after WT-proNGF exposure (Fig. 44). 

To determine whether proNGF elicits TrkA-dependent bio- 
logical responses, PC12 cells were maintained in serum-free 
media containing NGF or WT-proNGF for 48 h and then eval- 
uated for the elaboration of neuritic processes. Both ligands 
produced a comparable amount of neurite outgrowth in PC12 
cells, whereas process extension was not observed in untreated 
cells (Fig. 4B). Thus, WT-proNGF is functionally equivalent to 
mature NGF in this assay. 
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FIGURE 4. WT-ProNGF induces robust TrkA phosphorylation and neurite 
outgrowth. A PCI 2 cells were incubated in DMEB for 1 h then treated with 
NGF (25 ng/ml) or WT-proNGF (50 ng/ml) for the indicated times, then lysed, 
and TrkA was immunoprecipitated. Immunoblots were performed with anti- 
phosphotyrosine and anti-TrkA antibodies, as indicated. B, PCI 2 cells were 
plated in serum-containing media and 24 h later, were switched to DMEB 
containing NGF (1 0 ng/ml) or WT-proNGF (50 ng/ml). Cells were maintained 
for 3 days and then photographed. 

Endocytosis Is Required for proNGF to Activate TrkA 
Signaling— The experiments above show that AP-proNGF does 
not directly bind TrkA at the cell surface but proNGF treatment 
activates TrkA and its downstream signaling cascades. One 
possible explanation for these findings is that, once bound at 
the cell surface by p75NTR, proNGF is cleaved, and the newly 
formed mature NGF goes on to activate TrkA signaling. Previ- 
ous studies have indicated that proNGF can be cleaved by 
matrix metallopro teases (MMPs) (9), and we therefore tested 
whether activity of secreted or transmembrane proteases was 
required for proNGF-induced TrkA signaling using BB94 and 
GM6001, chemically distinct metalloproteinase inhibitors. 
TrkA signaling events were maintained in PC12 cells that were 
treated with WT-proNGF in the presence of either BB94 (Fig. 
5A) or GM6001 (not shown). As a positive control, we asked 
whether BB94 and GM6001 blocked cleavage of p75NTR 
induced by phorbol ester and found that these inhibitors almost 
completely blocked p75NTR cleavage (Fig. 55), indicating that 
they are effective metalloprotease inhibitors under our condi- 
tions. We conclude that proNGF cleavage by MMPs does not 
play an essential role in proNGF-induced TrkA activation in 
PC12 cells. 

Recent studies indicate that p75NTR mediates endocyto- 
sis of NGF through a slow endocytic route, whereas proNGF 
is endocytosed rapidly by a p75NTR-sortilin complex (15, 
21). We reasoned that proNGF may be endocytosed and then 
cleaved to mature NGF, which can then go on to activate 
TrkA. To address this, we inhibited receptor-mediated 
endocytosis using high sucrose concentrations (22) and 
examined the effect on proNGF-induced TrkA and Erk acti- 
vation. We found that sucrose exposure produced a substan- 
tial reduction in the phosphorylation of ERK normally 
induced by either NGF or proNGF (Fig. 6A), consistent with 
previous studies that have shown that TrkA endocytosis is a 
prerequisite for NGF-mediated Erk phosphorylation in 
PC12 cells (23). Interestingly, exposure to high sucrose does 
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FIGURE 5. Inhibiting metalloproteases does not block proNGF-induced 
activation of TrkA signaling cascades. A, PCI 2 cells in DMEB were exposed 
to BB94 (10 fiM) for 1 h, then they were treated with NGF (25 ng/ml) or WT- 
proNGF (50 ng/ml) for the times indicated, and phosphorylation of ERK and 
AKT was examined by immunoblot. fi, PC12 cells were exposed to BB94 (10 
/xm) for 1 h and then treated with phorbol 12-myristate 13-acetate (PMA) (1 
fiM) for 90 min. p75NTR cleavage was monitored by immunoblot. Experiment 
in panel A was repeated three times and in panel B was repeated twice, with 
identical results. 



not alter TrkA phosphorylation induced by mature NGF but 
sharply reduces proNGF-induced TrkA activation (92% 
reduction by densitometry; Fig. 65). Because AP-proNGF 
binding assays show that sucrose treatment does not alter 
cell surface binding to PC12 cells (supplemental Fig. 1), these 
data suggest that the block in TrkA activation induced by 
sucrose reflects a decrease in proNGF endocytosis and 
cleavage. 

To show that proNGF internalization is a prerequisite for 
subsequent TrkA activation, we maintained the cells at low 
temperature to reduce endocytosis. Receptor tyrosine 
kinases in mammalian cells can undergo ligand-induced 
dimerization and phosphorylation even when maintained at 
low temperatures. Endocytosis is completely blocked at 4 °C, 
and we therefore examined NGF- and WT-proNGF-induced 
TrkA activation in cells maintained at this temperature. Fig. 
6C shows that in PC12 cells maintained at 4 "C, NGF caused 
robust phosphorylation of TrkA, whereas proNGF was inca- 
pable of activating TrkA under these circumstances, even at 
high proNGF concentrations and extended exposure times. 
These data indicate that that proNGF endocytosis is a pre- 
requisite for TrkA activation. 
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FIGURE 6. Endocytosis is required for WT-proNGF treatment to induce 
TrkA signaling. A and 8, PCI 2 cells in DMEB were exposed to 0.45 m sucrose 
for 1 5 min and then treated with NGF (25 ng/ml) or WT-proNGF (50 ng/ml) for 
1 0 or 30 min, as indicated. A, cells were lysed in sample buffer, and ERK phos- 
phorylation was examined by immunoblot. 6, TrkA was immunoprecipitated, 
and receptor phosphotyrosine levels were examined by immunoblot. C, PCI 2 
cells in DMEB were cooled to 4 °C for 30 min and then treated with NGF (5, 1 0, 
or 50 ng/ml) or WT-proNGF (10, 50, 1 00 ng/ml) for 30 or 60 min, as indicated. 
TrkA was immunoprecipitated, and phosphotyrosine levels were examined 
by immunoblot. Experiments in panels A and B were repeated three times, 
with identical results. 

proNGF Must be Degraded Intracellularly to Activate 
TrkA— ProNGF is normally cleaved by furin to produce 
mature NGF during transit through the secretory pathway. 
Endocytic vesicles undergo fusion with post-Golgi secretory 
vesicles and therefore proNGF endocytosed from the cell 
surface may encounter furin during its endocytic journey. To 
test this, we first determined whether exposure to the furin 
inhibitor dec-CMK altered TrkA phosphorylation or Erk 
activation induced by WT-proNGF. Fig. 7, A and B show that 
dec-CMK pre-treatment (30 min) dramatically reduces 
phosphorylation of TrkA and Erk induced by proNGF but 
has no effect on TrkA phosphorylation induced by NGF, 
indicating that proNGF cleavage by furin is required for 
TrkA activation. 

To determine whether furin mediates endosomal cleavage 
of proNGF, we produced a biotinyated form of proNGF 
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FIGURE 7. ProNGF cleavage is required for TrkA activation. A, PCI 2 cells in DMEB were pretreated with 
dec-CMK (50 jum) for 30 min and then exposed to NGF (25 ng/ml) or WT-proNGF (50 ng/ml). TrkA was immu- 
noprecipitated and phosphotyrosine levels were examined by immunoblot. B, as in A with phosphorylation of 
ERK within cell lysates was determined by immunoblot. C, PCI 2 cells in DMEB were pretreated with dec-CMK 
(50 /am) for 30 min and then exposed to B-proNGF (25 ng/ml) for 60 min. Cells were then washed and lysed, and 
levels of B-proNGF and phosphorylation of ERK within cell lysates were determined by immunoblot. D, PC1 2 
cells were treated with NGF (25 ng/ml), WT-proNGF (50 ng/ml), or proNGF123 (50 ng/ml) for the indicated 
times, and TrkA was immunoprecipitated and assessed for phosphotyrosine content by immunoblot. E, PCI 2 
cells were treated with NGF (25 ng/ml) or WT-proNGF (50 ng/ml) in the absence of presence of brefeldin A (10 
/xg/ml). Cells were lysed in sample buffer, and levels of phospho- and total ERK and AKT as well as levels of 
p75NTR and TrkA were determined by immunoblot. Experiments in panels A-E were repeated three times, with 
identical results. 



(B-proNGF) and exposed PC12 cells to this ligand in the pres- 
ence or absence of the furin inhibitor, dec-CMK. Cells were 
then washed, lysed, and levels of B-proNGF were determined 
by immunoblot. Fig. 7C shows that B-proNGF can be readily 
detected in treated cells and reveals that B-proNGF levels are 
sharply increased, and phospho-Erk levels are decreased, in 
cells exposed to dec-CMK. 

To confirm that cleavage of proNGF is a prerequisite for 
TrkA activation, we asked whether proNGF123, a triple-mu- 
tated form of proNGF that is highly resistant to proteolysis (19) 
was capable of activating TrkA in PC12 cells. Under the same 
conditions in which NGF and WT-proNGF caused robust 
TrkA phosphorylation in PC12 cells, cleavage-resistant 
proNGF123 did not induce TrkA tyrosine phosphorylation 
(Fig. ID). To rule out the possibility that proNGF123 is defec- 
tive in p75NTR binding, we produced alkaline phosphatase- 
tagged form of proNGF123 (AP-proNGF123) and using this 
ligand, found that AP-proNGF123 and AP-proNGF bind 



p75NTR expressed in HEK293T 
cells equally well (supplemental Fig. 
2). We conclude that endocytosis of 
proNGF and its subsequent cleav- 
age by furin-like enzymes is a pre- 
requisite for TrkA activation. 

Our results indicate that proNGF 
is processed in endosomes and 
thereby becomes capable of activat- 
ing TrkA-dependent Akt and Erie 
signaling. Because TrkA induces 
Akt activation mainly at the plasma 
membrane and TrkA-dependent 
Erie activation occurs primarily in 
endosomes (24, 25), we were inter- 
ested in examining how processed 
proNGF activates these spatially 
regulated signaling events. After 
proNGF cleavage, NGF could acti- 
vate TrkA that is present within 
endosomes but alternatively, the 
ligand could be recycled to the cell 
surface, released, and then bind 
TrkA. To distinguish between 
these possibilities, we treated cells 
with Brefeldin A to reduce endo- 
some recycling (26) and then 
assessed proNGF-induced signal- 
ing events. Interestingly, Brefeldin 
A treatment enhanced proNGF- 
induced Erk activation, and 
decreased proNGF-induced Akt 
activation. This result suggests 
that endosomal TrkA activation 
does occur but a portion of the 
NGF, which is liberated from 
proNGF in endosomes, is recycled 
to activate cell surface TrkA. 

ProBDNF Activates TrkB in Cer- 
ebellar Granule Neurons through a 
p7SNTR- and Furin-dependent Mechanism — Many central 
neurons express TrkB, and proBDNF is widespread in the 
brain (27). We were interested in determining if proBDNF 
treatment results in activation of TrkB and downstream sig- 
naling cascades in central neurons and if so, whether 
proBDNF cleavage is a prerequisite for this effect. We chose 
cerebellar granule neurons for these experiments because 
they co-expressed TrkB and p75NTR. As expected, mature 
BDNF induced robust TrkB and Erk phosphorylation in cer- 
ebellar granule neurons, and these phosphorylation events 
were not altered by treatment with dec-CMK, a furin inhib- 
itor, or BB94, a matrix metalloprotease inhibitor (Fig. 8/1). 
Cerebellar granule neurons (CGNs) treated with proBDNF 
also showed phosphorylation of TrkB and Erk, and dec-CMK 
and BB94 treatment partially reduced proBDNF-induced 
TrkB phosphorylation and Erk phosphorylation (Fig. 85). 
Therefore, proBDNF treatment of cerebellar granule cells 
results in TrkB activation and Erk phosphorylation, and full 
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FIGURE 8. Processing of proBDNF by metalloproteases and furin facili- 
tates TrkB activation in cerebellar granule neurons. Rat cerebellar granule 
neurons were pre-incubated with dec-CMK (50 /im) or BB94 (1 0 /iim) for 30 
min, then exposed to BDNF (5 ng/ml) or WT-proBDNF (50 ng/ml) for 30 min. 
TrkB was immunoprecipitated with RTB, and phosphotyrosine content of 
TrkB in immunoprecipitates (A) and phospho-ERK levels within cell lysates (6) 
were determined by immunoblot. Experiments in panels A-B were repeated 
three times, with identical results. 

activation of these events requires proBDNF processing by 
both MMPs and furin. 

DISCUSSION 

The discovery that secreted proneurotrophins activate sig- 
naling pathways that are distinct from those of the mature neu- 
rotrophins has had a major impact on the neurotrophin field. 
There is substantial evidence that proneurotrophins act to 
selectively activate p75NTR-dependent pathways that result in 
apoptosis or cell migration in vitro, and emerging data indicates 
that proneurotrophins can activate p75NTR-dependent signal- 
ing pathways in physiological settings (8, 11, 28, 29). However, 
there have been several studies that challenge the hypothesis 
that proneurotrophins exclusively activate p75NTR signaling 
paths. Some of these have reported that proneurotrophins bind 
TrkA at the cell surface and activate its downstream signaling 
pathways (16, 17). The purpose of our study was to attempt to 
reconcile opposing views on the receptor binding and signaling 
properties of the proneurotrophins. 

Here, we show that proNGF binds to p75NTR, but not TrkA. 
We have not addressed the role of sortilin in the binding of 
proNGF but Nykjaer etal. (15) have reported that HEK293T do 
not express detectable levels of sortilin and it therefore seems 
likely that the binding we detect is due solely to interactions 
with p75NTR. We cannot rule out the possibility that proNGF 
shows low affinity binding to TrkA at very high ligand concen- 
trations but we did not observe binding of proNGF to TrkA at 
concentrations up to 12 nM, well beyond the physiological 
range. In examining signaling properties of proNGF in PC12 
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cells, the most robust effect observed was the ligand-induced 
phosphorylation of TrkA and sustained TrkA-dependent phos- 
phorylation of Erk and Akt. Long term exposure to 
WT-proNGF resulted in neurite outgrowth and survival, indi- 
cating that proNGF treatment results in chronic TrkA activa- 
tion in PC12 cells. Thus, our data are consistent with studies 
that indicate that proNGF selectively binds p75NTR expressed 
at the cell surface (9, 30) but also agrees with findings of others 
who have shown that proneurotrophin treatment results in Trk 
activation (16, 17). 

Our results indicate that proteolytic processing of proNGF 
that occurs in the endosome is required for subsequent TrkA 
activation. We show that inhibition of furin blocks proNGF 
cleavage and proNGF-induced TrkA activation and that 
proNGF123, which is protease resistant, is incapable of activat- 
ing the receptor. Furin is active in several cellular compart- 
ments, and although steady levels of furin are highest in the 
TGN, it is well established that furin is trafficked through the 
TGN and endosomes to reach the cell surface (31), and endo- 
cytic vesicles that contain furin can function as processing com- 
partments (32-34). We used two methods to explore the pos- 
sibility that endocytosis is a prerequisite for proNGF-induced 
activation of TrkA. Blocking endocytosis using either high 
sucrose concentration or reduced temperature sharply reduced 
proNGF-induced TrkA activation but did not block TrkA acti- 
vation induced by mature NGF. We conclude, therefore, that 
endocytosis and cleavage of proNGF by furin-like enzymes are 
prerequisites required for TrkA activation. 

During the course of our studies, Althaus and Kloppner (30) 
showed that proNGF is processed to mature NGF in pig oligo- 
dendrocytes through a furin-dependent pathway, similar to the 
findings shown here. We have demonstrated that proNGF-in- 
duced TrkA activation occurs within minutes, similar to the 
time frame reported for proNGF cleavage in pig oligodendro- 
cytes (30), and it therefore seems likely that proNGF enters the 
cell through a rapid endocytic route. Rapid endocytosis of a 
p75NTR-proNGF complex was previously observed and is in 
fact a feature distinguishing it from the p75NTR-NGF complex, 
which enters the cell through a slower endocytic route (15, 21). 
Sortilin has been implicated in the rapid endocytosis of the 
p75NTR-proNGF complex as well as in vesicular sorting 
events, and it will be interesting to determine whether sortilin 
promotes delivery of proNGF to an intracellular compartment 
where furin-based cleavage occurs. Retrieval of furin and sorti- 
lin from endosomes to the trans-Golgi network both require 
direct binding to phosphofurin acidic cluster sorting protein- 1 
(PACS-1) (35, 36), and furin and sortilin may therefore share 
endosomal trafficking routes. Because p75NTR and sortilin 
function as proNGF co-receptors that induce apoptosis in a 
subset of cells, it seems likely that the biological response of 
cells exposed to proNGF will, in part, depend on the relative 
ratio of p75NTR, sortilin, furin, and TrkA. 

Once processed from proNGF to NGF, the ligand could be 
transported to the cell surface to activate TrkA or it could acti- 
vate TrkA within endocytic vesicles. There is precedence for 
ligand cleavage within endocytic vesicles that is followed by 
subsequent recycling and receptor activation (37), and activa- 
tion of TrkA within an endosome seems possible, given earlier 
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studies (24, 38). The subcellular location of TrlcA activation 
may have a significant impact on the precise signaling events 
activated because TrkA induces Akt activation mainly at the 
plasma membrane, whereas TrkA-dependent Erk activation 
occurs primarily in endosomes (24, 25). By reducing recycling 
with brefeldin A, we found that proNGF-induced Erk activation 
was increased, whereas proNGF-induced Akt activation was 
decreased. Our interpretation of this result is that after cleav- 
age, some of the NGF produced does activate TrlcA in endo- 
somes but that a portion of the liberated NGF is recycled and 
becomes available to activate TrlcA at the cell surface. 

Both proNGF and proBDNF are apoptotic ligands that acti- 
vate p75NTR. ProBDNF may also have other functions, most 
notably in the central nervous system, where it has been pro- 
posed to bind p75NTR to induce long term depression and 
where activity-dependent cleavage of proBDNF by extracellular 
MMPs may regulate the availability of mature BDNF to modu- 
late synaptic facilitation (29). We show that in primary cerebel- 
lar cells, which express both p75NTR and TrkB, proBDNF 
exposure results in TrkB activation and induces TrkB-depend- 
ent phosphorylation of Erk and Akt. Inhibitors of furin (dec- 
CMK) reduce this proBDNF-induced activity, suggesting that 
at least some of the TrkB activation result from intracellular 
cleavage of the ligand. However, BB94 also reduced TrkB acti- 
vation induced by proBDNF, suggesting that cleavage of 
proBDNF by soluble matrix metalloproteases or cell surface 
ADAMs family members also mediate processing of this ligand. 

Taken together, these studies indicate that proneurotrophin 
exposure results in Trk receptor activation and downstream 
signaling cascades. In accordance with previous findings, 
proNGF shows a strong preference for binding p75NTR at the 
cell surface compared with TrlcA. We demonstrate that proc- 
essing of the proneurotrophins to the mature ligand is a prereq- 
uisite for subsequent Trk receptor activation in both PC12 cells 
and primary CGNs. The precise processing mechanisms 
employed by PC12 cells and CGNs differ, where proNGF 
appears to be processed in PC12 cells mainly via furin-based 
cleavage in the endosome, whereas proBDNF processing in 
CGNs occurs via both MMPs and furin cleavage. This suggests 
that the physiological outcome of proneurotrophin exposure 
will be cell-type-specific and will reflect the levels of cell surface 
neurotrophin receptors and the availability of extracellular and 
endosomal proteases. 
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